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Annual direct medical costs for spine-related conditions total more than $100 billion in the United States. 1Y3 Back pain is the most common reason for a physician visit in the United States. 3 In many affected patients, intervertebral disk (IVD) degeneration is a common finding and seems to play a role in the etiology of pain. Biologic approaches that promote matrix repair and reduce inflammation may serve as alternatives to surgery for millions of people with back pain.
Because endogenous progenitor cells in the IVD decline with aging and degeneration, 4 cells to repopulate the aging IVD are being rigorously sought after. 5, 6 Mesenchymal stem cells from bone marrow, 7Y9 adipose tissue, 10, 11 umbilical cord blood, 12 or umbilical cord tissue 13, 14 have been considered as possible candidates for repairing a degenerating IVD. Transplanted autologous IVD cells survived for at least 1 yr in a canine model 15 and in sand rats. 16 Autologous human IVD cells derived from a therapeutic diskectomy have also been tested in a pilot clinical study to repair the IVD. 17Y19 However, it is difficult to obtain nucleus pulposus (NP) cells uncontaminated by other cell types (e.g., fibroblasts, leukocytes).
Articular chondrocytes (ACs) serve as another attractive potential source for disk repair because these cells are already chondrocytes and are available via allogeneic (deceased donor) or autologous sources (nonYweight-bearing regions of the patient's joints). Acosta et al. 20 have recently compared mesenchymal stem cells and juvenile ACs in a porcine model of IVD degeneration. These authors found that IVDs injected with ACs contained almost exclusively type II collagen, whereas scar tissues rich in type I and type II collagen formed in IVDs injected with mesenchymal stem cells. 20 The use of ACs to repair the degenerating IVD has a distinct advantage over other cell types: ACs already have the chondrocytic phenotype at the time of implantation. When these cells are cultured in alginate beads, they immediately begin to reform an abundant extracellular matrix that retains cartilagelike properties for months. 21 Allogeneic ACs can be isolated from unrelated deceased donors in greater numbers than IVD cells. Allogeneic chondrocytes are not used to repair cartilage defects because of the potential for rejection. 22 Unlike articular tissue in a synovial joint, the disk tissue may be relatively immunoprivileged. 23 Because allogeneic ACs could be obtained from unrelated deceased donors, these cells may prove useful in clinical applications. Autologous ACs have long been used to repair articular cartilage defects. 24, 25 Autologous cells would be a reasonable cell source, but this would require a separate invasive procedure for cartilage procurement from the patient.
Bone morphogenetic proteins (BMPs) have been shown to stimulate IVD cell matrix production. 5 The authors have compared 12 different BMPs and found that BMP-7 is the most effective in stimulating NP proteoglycan accumulation, 26, 27 likely by both stimulating proteoglycan synthesis 28 and slowing down degradation. 29 Viral vectors could be used to deliver growth factors or inhibitors of proteolytic enzymes. 30, 31 These studies support the use of gene transfer to repair IVDs. A novel feature of the present study is the use of ACs transduced ex vivo to deliver genes to repair IVDs, a relatively safe approach because the host is not directly exposed to the virus.
The hypothesis of the authors is that well differentiated chondrocytes isolated from articular cartilage may survive in the degenerating IVD and reduce disk inflammation. The authors' previous work in the rabbit organ culture model suggests that ACs transduced with adenovirus expressing green fluorescent protein (GFP) and human BMP-7 (AdGFPYhBMP-7, abbreviated as AdBMP-7) are superior to cells alone. 32 Thus, ACs transduced with AdBMP-7, together with ACs without exogenous genes, are included as an experimental group in the present study. Transplantation of cells into the degenerating disks must overcome several hurdles before achieving success. The first hurdle for transplanted cells is to survive in the harsh IVD environment, which is low in nutrients and in oxygen, and experience fluctuations between high and low pressure. Another hurdle is the threat of rejection by the host. Although the IVD is a relatively immunoprivileged organ, a degenerative disk may be more accessible to inflammatory cells than a healthy one, thus increasing the possibility of rejection of transplanted cells. In this pilot study, the aim was to present evidence that allogeneic ACs (1) can survive, (2) can distribute to both NP and annulus fibrosus tissues in the injured IVD, and (3) can reduce host inflammatory responses to injuries. Further,infiltrating inflammatory cells (macrophages, T lymphocytes, and neutrophils) were examined by immunostaining. The present findings will lay the groundwork for a cell therapy approach using allogeneic ACs to treat degenerative disk disease.
MATERIALS AND METHODS

Injury-Induced IVD Degeneration
After approval was obtained from the Rush University Institutional Animal Care and Use Committee www.ajpmr.com Cell Therapy to Downregulate IL-8 in the Disk (IACUC # 08Y039), young adult New Zealand white rabbits weighing approximately 3.2 kg (approximately 3 mos old) were used for the disk-injury model. Twenty-fourrabbits were used in this study. To induce IVD degeneration, four IVDs (L2/3, L3/4, L4/5, and L5/6) in each rabbit were exposed, and injury was induced with an 18-gauge needle via a left retroperitoneal approach, as previously described. 33 The rabbits were randomly assigned to the following groups: (1) ACs transduced with AdBMP-7 (treatment group, n = 4); (2) unmodified ACs (treatment group, n = 4); (3) ACs transduced with adenovirus expressing red fluorescent protein (RFP) and A-galactosidase (A-gal) (AdRFPYA-gal) (n = 5); (4) saline (as control); or (5) intact disk with sham surgery (as control). During the initial phase of experiments (14 animals), each rabbit received only one type of treatment. During the second phase of the experiments (eight rabbits), as the authors perfected their surgical techniques, L2/3 and L3/4 received one type of treatment whereas L4/5 and L5/6 received a different treatment; the treatments were randomly assigned. Each animal was randomized, and each Bn[ reflects a different animal. The authors initially planned to conduct two treatments on each animal. However, they made mistakes during the initial phase of surgeries (wrong levels between the disk injury surgery and injection surgeries, injections did not get into the disk space or went into the spinal canal, etc., as discussed by Moss et al. 33 ) Four weeks after injury, 8 Kl of cells suspended in a medium were injected into the degenerating rabbit IVDs on the opposite side, via a right posterior-lateral approach. Two rabbits received sham surgeries and served as intact controls.
Rabbit AC Culture, Gene Transfer, and Infrared Dye Labeling
Younger rabbits (10 wks old) were selected as chondrocyte donors because their cells have a better potential for ex vivo expansion and may produce more proteoglycan-rich extracellular matrix compared with cells from old rabbits. Rabbit articular cartilage was harvested from the tibial plateau and the femoral condyles of 10-wk-old New Zealand white rabbits (weighing approximately 2.5 kg; n = 3). Immediately after killing these animals, cartilage fragments were shaved from their knees, and ACs were released by serial enzyme digestion with pronase and collagenase, as previously described. 27 Primary cells were cultured in monolayer at a density of 8 Â 10 4 cells per square centimeter for 3Y5 days, until reaching 80% confluency. Cells were trypsinized, replated (these are considered passage 1 cells), and cultured for an additional 2Y3 days before transplantation.
AdRFPYA-gal and AdBMP-7 were constructed using the AdEasy system. 34 Briefly, the coding regions of the genes of interest (i.e., RFP and A-gal, or GFP and BMP-7) driven by cytomegalovirus promoter were cloned into a shuttle vector to generate replication-deficient adenoviruses. The virus was subsequently amplified in 293 cells (E1-transformed human embryonic kidney cells). For the cells undergoing gene transfer, cells were transduced with AdRFPYA-gal or AdBMP-7 and cultured for 2Y4 days to achieve approximately 90% transduction efficiency as confirmed by visualizing RFP or GFP by fluorescence microscopy. 26, 35 On the day of injection, chondrocytes were detached with trypsin and labeled with the infrared (IR) dye (CellVue NIR815 Fluorescent dye; LI-COR, Lincoln, NE) for 4 mins, according to the manufacturer's instructions. Chondrocytes were washed three times to eliminate unincorporated dye then resuspended at 1 Â 10 7 cells per milliliter of serum-free medium. Eight microliters of the IR dyeY labeled cells were injected into each disk (8 Â 10 4 cells per disk).
Detection of Transplanted Cells Labeled with IR Dye
For cell tracking, the IR dye was incorporated stably into the cell membranes of intact chondrocytes, which were then injected into the degenerating rabbit IVDs. Two or 8 wks after cell transplantation, the rabbits were euthanized with an overdose of pentobarbital, and the spines were removed en bloc. The spine segments and the individual disks were scanned with an IR imager (LI-COR Biosciences, Lincoln, NE). IR fluorescence intensity (counts per cubic millimeter of individual disks) was determined using the imaging software and exported to Microsoft Excel. The IR fluorescence intensities at the two time points were compared using a nonparametric t test. At the time of killing, only IVDs with detectable IR signals were used for data analysis; IVDs without good IR signals, or for which signals were outside the IVD because of variable surgical technique, 33 were not used for data analysis.
Detection of RFP or A-gal Expression in the Rabbit IVDs
NP cells containing RFP were examined by the Fluoview Laser Confocal system equipped with an Olympus microscope (Olympus 1X70, excitation at 588 nm). To examine the distribution of the injected cells (transduced with AdRFPYA-gal) within the IVD, A-gal activity was examined. Rabbit disks were isolated 2 or 8 wks after cell transplantation.
Each disk was transected to expose both NP and annulus fibrosus tissues and lightly fixed with 0.05% glutaraldehyde in phosphate-buffered saline for 1 hr. The disks were washed with phosphate-buffered saline and then incubated in X-gal staining solution [1 mg/ml of X-gal, 100 mM of Na 3 PO 4 , 3 mM of K 3 Fe(CN) 6 , 3 mM of K 4 Fe(CN) 6 , and 1.3 mM of MgCl 2 in water] for 3 hrs at 37-C. Digital images were taken with a digital camera (Sony).
Real-Time Polymerase Chain Reaction for BMP-7 or Interleukin 8 Gene Expression in the Rabbit IVDs
Chondrocytes transduced with AdBMP-7 were injected into the degenerating rabbit disks, and hBMP-7 gene expression was examined with realtime polymerase chain reaction (PCR) at 2 or 8 wks after injection. hBMP-7 messenger RNA levels were measured with real-time PCR. Specifically, 2 or 8 wks after transplantation, spine segments and individual disks were scanned with the IR imager to determine the presence of transplanted cells. Total cellular RNA was isolated from the IVDs (including both the NP and the annulus fibrosus) using Trizol reagent (Invitrogen) and tissue homogenization using a rotor-stator device (Omni International). Fifty nanograms of total RNA from each sample was reverse-transcribed to generate first-strand complementary DNA (cDNA), using the High Capacity RNA-to-cDNA Kit (Invitrogen).
To determine the expression levels of hBMP-7 messenger RNA, a real-time PCR method was used with the hBMP-7Yspecific Taqman Gene Expression Assay (Applied Biosystems). Amplification was performed with a spectrofluorometric thermal cycler (7300 Real-time PCR System; Applied Biosystems). To standardize messenger RNA levels, the eukaryotic 18S ribosomal RNA was amplified as an internal control. Interleukin 8 (IL-8) gene expression was quantified using rabbit IL-8Yspecific Taqman Gene Expression Assay (Applied Biosystems). Four to 11 rabbits were used in each group, 1Y2 disks were examined from each rabbit, and the mean gene expression in each group of animals was determined. IL-8 gene expression among the groups was compared, with analysis of variance followed by nonparametric Student's t test.
Immunostaining for Examination of Inflammatory Cell Infiltrates in the IVD
Inflammatory cell infiltrates at 2 wks after AC, AC transduced with AdBMP-7, or saline treatments were examined. The IVD tissue near the needle entry sites was isolated, separating the disk/ cartilaginous outgrowth from the bony vertebral body. The tissues were cryosectioned to 10-KM thickness. The sections were fixed briefly in 4% paraformaldehyde, washed with phosphate-buffered saline, and incubated with mouse immunoglobulin G antibody recognizing a cytoplasmic antigen in rabbit macrophages (clone RAM11, Dako, Denmark). Neutrophils were identified with a mouse monoclonal antibody to rabbit neutrophil defensin-5 (NP-5; Hycult Biotech, Plymouth Meeting, PA). T cells were examined with a mouse monoclonal antibody raised against pan T-cell markers in rabbit thymocytes (KEN-5; Santa Cruz Biotechnology, Santa Cruz, CA). Specifically, primary antibodies were used at a dilution of 1:100 and incubated at 4-C overnight. Secondary biotinylated antimouse immunoglobulin G was then applied, followed by horseradish peroxidaseY labeled avidin (Vector Laboratories Inc, California). Horseradish peroxidase activity was detected by incubation with 3,3 ¶-diaminobenzidine and development of a light brown color, and the sections were lightly counterstained with hematoxylin, as described previously. 12 
RESULTS
IR DyeYLabeled Cells Persisted in the Degenerating Rabbit IVD
The left panels of Figure 1 show that, at 2 wks after cell transplantation, rabbit spine segments were scanned with an IR imager, and coronal images were obtained (panels AYC). Subsequently, the individual IVDs from these spine segments were further separated at the growth plates, to isolate intact IVDs with adjacent endplates, and a transverse view of the disk was obtained (panels A'YC'). To show the contour of the lumbar spine, tissues were detected in the 700-nm channel and represented in red (panels A and A'). IR dyeYlabeled cells were detected in the 800-nm channel and represented in green (panels B and B'). When the IR dyeYlabeled cells and the tissue contour images are superimposed, the signals overlap and are represented in yellow (panels C and C'). Arrows point to areas of intense IR dye labeling, which may represent the needle entry point.
The right panel of Figure 1 shows the integrated intensities of the rabbit IVDs that were injected with AC transduced with AdBMP-7, labeled with IR dye before injection. Two or 8 wks after injection, the rabbit spine was analyzed with the IR imaging software (LiCor). The mean integrated intensity of IVDs at 2 wks after injection is 70,654 (n = 4), and the mean intensity at 8 wks after injection is 29,407 (n = 7). The IR dye intensity level decreased by 58.5% at the 8-wk time point compared with that at the 2-wk time point (P = 0.027). It is worth noting that only rabbits that received the same batch of IR dyeYlabeled chondrocytes were compared here, to decrease variability introduced during IR dye labeling.
Cell Tracking Using Allogeneic Rabbit ACs
Transduced with AdRFPYA-gal to Confirm the Presence and Location of the Injected Cells in the Rabbit IVD A-gal activity at 2 wks (n = 2) or 8 wks (n = 3) after transplantation. The injected cells were stained blue, demonstrating production of the reporter protein. Figure 2A shows that transplanted cells, which were injected into the NP, spread to the annulus likely via annular fissures. In panel 2A (2 wks after injection), the blue areas are larger and more intense compared with panel 2B (8 wks after injection). Real-time PCR was performed with primers for hBMP-7 and 18S ribosomal RNA (as internal control). hBMP-7 was detected in the IVDs injected with chondrocytes transduced with AdBMP-7 but not in the IVDs injected with chondrocytes without AdBMP-7. Figure 2 panel E shows that the mean hBMP-7 gene expression at the 8-wk time point (n = 2) was only 1.7% of that at the 2-wk time point (n = 2).
AC Treatment Resulted in Decreased IL-8 Expression
IL-8 gene expression, as a marker of acute inflammation, was assessed in IVDs injected with ACs and compared with those injected with saline (as control) at 2 or 8 wks after injection. Figure 3 shows that, at 2 wks after injection, IL-8 gene expression in IVDs injected with chondrocytes (n = 5) did not differ significantly from that in intact disks (as control, n = 11, P = 0.647), whereas IL-8 gene expression in IVDs injected with saline increased 50-fold (n = 4, P = 0.028) compared with intact IVDs (n = 11). IL-8 gene expression in IVDs injected with ACs transduced with AdBMP-7 (n = 2) is 5-fold of that in intact disks. Because of the small sample number, no statistical analysis has been performed.
At 8 wks after injection, IL-8 gene expression in IVDs injected with saline is only 30.0% of that at 2 wks after injection (n = 2 and 5, respectively). In the IVDs injected with AC, at the 8-wk time point, IL-8 gene expression is 69.5% of that at the 2-wk time point (n = 2 and 4, respectively). This finding suggests that inflammation subsides at 8 wks after both treatments. At 8 wks, IL-8 gene expression in IVDs injected with saline (n = 2) was still 4.4-fold of that in the disks injected with ACs (n = 2).
Cell Therapy Did Not Result in Significant Improvement in IVD Histology or Biochemical Content
No significant changes were detected by examining histologic sections at either the 2-or 8-wk postinjection time points (n = 3). In addition, the authors evaluated total proteoglycan content and cell number (by DNA assays) to evaluate the biochemical content (proteoglycan, collagen, and DNA) of the IVDs treated with AC or saline. No significant changes were found (n = 8 in each group, P 9 0.05, data not shown).
Inflammatory Cell Infiltration in the Rabbit IVD
Macrophage infiltration was detected in the ACand saline-injected as well as injured with no injection groups, especially in the anterior annulus, where injury and injection were performed. Figure 4 shows representative images of IVDs immunostained with antibody recognizing a rabbit macrophage cytoplasmic antigen (panels AYC) or with no primary antibody (panel D). Note that the anterior annulus in the IVDs injected with AC (panel A) contains cells resembling chondrocytes, whereas cells in the IVDs in the saline or sham injection groups retain the fibrocyte-like phenotype.
No T-lymphocyte infiltration was detected in either the chondrocyte-or saline-injected IVDs (data not shown). Data on neutrophil staining are inconclusive because IVD cells stained positive with the antineutrophil antibody, suggesting that they may 
DISCUSSION
In conclusion, the authors have established the technical feasibility of a cell-based gene therapy approach to repairing the degenerating IVD in the rabbit. It has been demonstrated that allogeneic rabbit ACs transplanted into the IVDs in vivo survived for at least 8 wks. The ACs transduced with AdBMP-7 also expressed the hBMP-7 gene. In the AC transduced with AdBMP-7 group, the authors did not see a significant increase in proteoglycan accumulation in the rabbit IVD, likely because the proteoglycan assay is relatively insensitive and the sample number is small. However, adenovirus may cause host inflammatory responses (Fig. 3) . Taken together, treatments using cells alone (without exogenous gene delivery) may be more feasible than cells transduced with genes.
The IR dye intensity decreased from the 2-wk to the 8-wk time point, likely because of loss of transplanted cells (Fig. 1) . The IR dye method provides only a general localization of the cells injected within the spine. This technique does not identify precise location or viability of the injected cells. AdRFPYA-gal was used to confirm cell viability. Although the presence of RFP in the NP tissue confirms the presence of cells overexpressing the transgene, RFP may persist after cell death. Thus, A-gal staining was added to further show that live enzyme is present in the cells, suggesting viability of transplanted cells. The A-gal gene was expressed 2 and 8 wks after injection, although A-gal activity was reduced at the 8-wk time point when compared with the 2-wk time point (Fig. 2, panels A and B) . RFP was also decreased in the NP at the 8-wk time point compared with 2 wks after injection (Fig. 2 , panels C and D). The ACs transduced with AdBMP-7 expressed the hBMP-7 gene at the 2-wk time point, although with diminished intensity at the 8-wk time point (Fig. 2, panel E) . It is worth noting that sources of measured IR dye might include cell membrane fragments retained in the IVD after cell death.
The authors have recently established a novel method to quantify injected cells labeled with an IR dye, by measuring the dye intensity (shown in Fig. 1 ). 12 This method greatly improves the ability to quantify injected cells, compared with the visual inspection of GFP described previously. 32 The authors suggest that this cell tracking method could be routinely used in future studies, to verify that cells are delivered to a particular disk space.
In this study, 8 Â 10 4 cells per disk were injected. The decision on the number of cells to inject is based on previous experiments in cultured IVD explants and calculations according to Stairmand et al. 36 Normal rabbit IVD tissue cell number was estimated by comparing a whole disk DNA content with the DNA content of a known number of cultured cells: in a single rabbit IVD, the NP contains a mean of 3.6 Â 10 6 cells, whereas the annulus fibrosus contains 16.2 Â 10 6 cells (n = 17). The 8 Â 10 4 cells that were injected were merely 2% of the normal NP cell content. Because of limited space and nutrition in the IVD, cell apoptosis may occur if too many cells are injected. 37 In the future, the authors plan to examine a wider range of cells for transplantation. In this study, they used allogeneic ACs from 10-wk-old rabbits as donors and from 4-mo-old rabbits (young adults) as recipients.
Although the donor rabbits are from the same colony as the recipient New Zealand white rabbits, these rabbits did not undergo a rigorous inbreeding process. Consequently, the grafts in this study are technically Ballografts,[ rather than Bisografts.[ New Zealand white rabbits are in the Leporidae (hares, rabbits) family. In the future, to study cell survival, the authors plan to use donor allogeneic cells from other animals (e.g., the Ochotonidae family) and to examine immune responses to the transplanted cells. Consistent with the authors' previous data supporting survival of xenogeneic human stem cells in the rabbit (unpublished data), the rabbit ACs derived from a different animal have survived after injection into the degenerative IVDs in this study.
The injected cells, targeted to the center of the NP, also dispersed through the needle track and annular fissures. The authors did not detect significant cell leakage beyond the cartilagenous outgrowth around the needle insertion point in 4-mo-old rabbits with the use of the IR imager. In more severely degenerative IVDs of older animals or humans, cell leakage through the annular fissures might occur. An alternative approach is to use carriers for chondrocytes and glues to seal off the needle track. Various pertinent materials are available: the authors have some experience using a chondroitin sulfateYbased hydrogel as a carrier. 7 Temperature-sensitive gels may be advantageous if they solidify quickly.
Physical medicine and rehabilitation physicians care for a massive number of patients with disk degeneration and related back pain. However, only measures to temporarily relieve symptoms can presently be offered, including medications and physical therapies. There is no known treatment modality that can restore disk structure and function. Furthermore, the relationship between disk degeneration and back pain is unclear. The authors and others have found that IL-8 and other cytokines are elevated in painful disks, suggesting that chemokines may be biomarkers for pain. In this study, it has been shown that IL-8 gene expression in IVDs treated with ACs is comparable with that of intact IVDs, confirming the anti-inflammatory effects of chondrocyte therapy.
Future studies to examine the effects of cell therapy on IVD biochemical composition and biomechanical properties, along with the inflammatory status of the IVDs, will help to determine the efficacy of the treatment. Studies in a large animal model may also be indicated before clinical trials.
